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The amino-terminal domain of apolipoprotein (apo)
E4 is less susceptible to chemical and thermal denatur-
ation than the apoE3 and apoE2 domains. We compared
the urea denaturation curves of the 22-kDa amino-ter-
minal domains of the apoE isoforms at pH 7.4 and 4.0. At
pH 7.4, apoE3 and apoE4 reflected an apparent two-state
denaturation. The midpoints of denaturation were 5.2
and 4.3 M urea, respectively. At pH 4.0, a pH value known
to stabilize folding intermediates, apoE4 and apoE3 dis-
played the same order of denaturation but with distinct
plateaus, suggesting the presence of a stable folding
intermediate. In contrast, apoE2 proved the most stable
and lacked the distinct plateau observed with the other
two isoforms and could be fitted to a two-state unfolding
model. Analysis of the curves with a three-state unfold-
ing model (native, intermediate, and unfolded) showed
that the apoE4 folding intermediate reached its maxi-
mal concentration (�90% of the mixture) at 3.75 M,
whereas the apoE3 intermediate was maximal at 4.75 M

(�80%). These results are consistent with apoE4 being
more susceptible to unfolding than apoE3 and apoE2
and more prone to form a stable folding intermediate.
The structure of the apoE4 folding intermediate at pH
4.0 in 3.75 M urea was characterized using pepsin prote-
olysis, Fourier transform infrared spectroscopy, and dy-
namic light scattering. From these studies, we conclude
that the apoE4 folding intermediate is a single molecule
with the characteristics of a molten globule. We propose
a model of the apoE4 molten globule in which the four-
helix bundle of the amino-terminal domain is partially
opened, generating a slightly elongated structure and
exposing the hydrophobic core. Since molten globules
have been implicated in both normal and abnormal
physiological function, the differential abilities of the
apoE isoforms to form a molten globule may contribute
to the isoform-specific effects of apoE in disease.

Apolipoprotein (apo)1 E plays a key role in lipid transport
throughout the body including the nervous system and is in-

volved in the maintenance and repair of neurons (1, 2). One of
the common human apoE isoforms, apoE4, is a major risk
factor for Alzheimer’s disease (3–5) and atherosclerosis (6–8).
ApoE4 is also associated with poor recovery from head injury
and stroke (9–11), cognitive decline associated with coronary
bypass surgery (12), increased severity of tissue damage in
multiple sclerosis (13), shortening of survival after the onset of
amyotrophic lateral sclerosis (14), and a poor response to other
forms of central nervous system stress (15).

The three common isoforms of apoE (apoE2, apoE3, and
apoE4) are genetically determined and differ in cysteine and
arginine content at positions 112 and 158: apoE2 (Cys112,
Cys158), apoE3 (Cys112, Arg158), and apoE4 (Arg112, Arg158) (16,
17). The protein contains two distinct structural domains: a
22-kDa amino-terminal domain and a 10-kDa carboxyl-termi-
nal domain (18, 19). In apoE4 and not the other isoforms, the
two domains interact in a unique manner. In apoE4, Arg112

causes Arg61 to assume a unique conformation and interact
with Glu255 in the carboxyl-terminal domain. This novel prop-
erty of apoE4 is referred to as apoE4 domain interaction (20,
21) and was suggested to contribute to the association of apoE4
with disease (2, 21).

Previously, we demonstrated that the two domains of apoE
unfold independently for all three isoforms (19, 22) and that the
22-kDa fragments, which contain the amino acid interchanges,
differ in their susceptibility to thermal and chemical denatur-
ation (apoE4 � apoE3 � apoE2) (22, 23). Denaturation of
apoE2 with guanidine at neutral pH displayed two-stage coop-
erative unfolding, whereas apoE3 and apoE4 displayed nonco-
operative unfolding that was much more prominent with
apoE4. This noncooperative unfolding of apoE4 suggested the
presence of a stable folding intermediate (22).

Folding intermediates that are both stable under certain
conditions and have nearly native structural features are re-
ferred to as molten globules (24). Three structural features
characterize the molten globule state. First, a significant
amount of secondary structure of the native state is retained.
Second, although there is considerable loss of tertiary struc-
ture, the molten globule is structurally compact. Third, there is
internal mobility with exposure of the hydrophobic core. Until
recently, it was assumed that the molten globule was a rela-
tively rare state for a protein. However, there is increasing
evidence that molten globules are common and that they play
a key role in a wide variety of physiological processes, including
translocation across membranes, increased affinity for mem-
branes, binding to liposomes and phospholipids, protein traf-
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ficking, extracellular secretion, and the control and regulation
of the cell cycle (24, 25). Indeed, apolipoproteins, including
human apoA-I and insect apolipophorin III, have also been
reported as molten globules (26, 27). In these cases, it was
proposed that internal mobility provides structural plasticity
for binding to lipoprotein surfaces (26, 27).

In this report, we demonstrate that apoE4 forms a stable
folding intermediate more readily than apoE3 and apoE2. Us-
ing a variety of structural tools to characterize its structure,
including pepsin proteolysis, Fourier transform infrared spec-
troscopy (FTIR), and dynamic light scattering (DLS), we show
that this stable apoE4 folding intermediate possesses the struc-
tural characteristics of a molten globule. We conclude that, in
addition to apoE4 domain interaction, the propensity of apoE4
to form a molten globule may contribute to its association with
disease.

EXPERIMENTAL PROCEDURES

Urea Denaturation—The 22-kDa fragments of apoE were expressed
recombinantly in bacteria and purified as described (22). Protein (400
�g/ml) was incubated overnight at 4 °C in buffer, 1 mM dithiothreitol,
and freshly deionized urea at various concentrations. The buffer was 10
mM sodium phosphate for experiments at pH 7.4 and 20 mM sodium
acetate for experiments at pH 4.0, which maintained the same ionic
strength for both experiments. Circular dichroism measurements were

made on a Jasco 715 or Applied Biophysics �-180 spectropolarimeter
using a 1-mm pathlength cuvette. All experiments were performed
under reducing conditions (5 mM dithiothreitol) at 25 °C. Molar ellip-
ticity ([�]) at 220 nm was calculated from the relationship [�] �
(MRW)(�220)/(10)(l)(c), where �220 is the measured ellipticity at 220 nm
in degrees, l is the cuvette pathlength (0.1 cm), c is the protein concen-
tration in g/ml, and the mean residue weight (MRW) was 114. The
denaturation curves at pH 4.0 were analyzed according to a two- or
three-state model as previously described (28).

Proteolysis of the 22-kDa Fragment of ApoE—Pepsin (Sigma) was
added to the 22-kDa fragment of apoE (0.1 mg/ml, 20 nM sodium
acetate, pH 4.0) in 0, 3.75, or 4.75 M urea at a ratio of 10:1, 250:1, or
2000:1 (apoE:pepsin, w/w), respectively, and incubated at room temper-
ature. At various time points, 500-�l aliquots were taken. Tris buffer
and NaOH were added to inactivate pepsin, and the sample was dia-
lyzed against 100 mM ammonium bicarbonate to remove the urea before
lyophilization of the sample. The sample was then resuspended in a
Tris-Tricine sample buffer and analyzed by SDS-PAGE followed by
transfer to a polyvinylidene fluoride membrane for amino-terminal
sequencing (PerkinElmer Life Sciences Procise protein sequencer).

Analysis of the 22-kDa Fragment of ApoE4 by Infrared Spectros-
copy—Solution-attenuated total reflectance FTIR was performed on the
22-kDa fragment of apoE4 (10 mg/ml, 10 mM cacodylate, pH 4.0, with or
without 3.75 M urea) as described (29). The spectra were analyzed to
estimate secondary structural content as described (30, 31).

DLS—Scattering data were collected at 20 °C with a DynaPro-MS/X
(Protein Solutions). Samples of the apoE4 22-kDa fragment (0.5 mg/ml)
were examined at pH 7.4 and 4.0 in the absence of urea and at pH 4.0
in the presence of 3.75 M urea. Diffusion coefficients were determined
from scattering data with the DYNAMICS autocorrelation analysis
software (version 5.25.44, Protein Solutions). All data could be fitted
multimodally, and essentially 100% of the scattering mass was attrib-
uted to a single low molecular mass component. The diffusion coeffi-
cient (D) and the hydrodynamic radius (Rh) are related by Rh � kT/
6��D. Viscosity (�) for the dilute sodium-acetate buffer was set to 1.0.
The molecular mass (Mr) was estimated from the empirical relation
Mr � (Rh�k)n, where k and n are parameters specific for the hydrody-
namic model used. For globular proteins, k � 1.68 and n � 2.34. For
nonspherical proteins, the Rh must be corrected by using the Perrin

FIG. 1. Urea denaturation of apoE 22-kDa fragments. The un-
folding of the apoE3 and apoE4 fragments at various urea concentra-
tions at pH 7.4 (A) and for the apoE2, apoE3, and apoE4 fragments at
pH 4.0 (B) was monitored by circular dichroism. The solid lines indicate
fits to a two-state model (B) or a three-state model (C).

FIG. 2. Urea denaturation curves of the 22-kDa fragments of
apoE3 and apoE4 at pH 4. The curves were analyzed by using a
three-state model to determine the fraction of native (solid line), inter-
mediate (dashed line), and unfolded (dotted line) structures at various
urea concentrations.
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factor F determined from molecular dimensions. The apoE4 22-kDa
fragment was approximated as a prolate ellipsoid with an axial ratio of
1:2.5 (F �1.08). The pullulan model (an extended polysaccharide) was
used to estimate hydrodynamic properties for random conformations
(k � 1.48, n � 1.81). The derivations of the equations we used to
calculate hydrodynamic properties are reviewed in Ref. 32.

Turbidimetric DMPC Clearance Assay—The kinetics of dimyris-
toylphosphatidylcholine (DMPC) large multilamellar vesicle remodel-
ing was performed as described (33) with slight modifications. Samples
of apoE 22-kDa fragments were dialyzed into 5 mM dithiothreitol, 20
mM sodium acetate, pH 4.0, containing either 3.75 or 4.75 M urea at 4 °C
and adjusted to a final protein concentration of 0.5 mg/ml. A solution of
DMPC (Avanti Polar Lipids) in chloroform:methanol (1:1, v/v) was
evaporated under a stream of argon and further desiccated under
reduced pressure overnight. The dried DMPC film was resuspended in
20 mM sodium acetate, pH 4.0, containing either 3.75 or 4.75 M urea.
The concentration of DMPC was determined using an enzymatic color-
imetric assay for phospholipids (Wako Chemicals) and diluted to a final
DMPC concentration of 0.5 mg/ml. DMPC solution (400 �l) was added
to a 1-cm pathlength quartz cuvette followed by the addition of buffer or
protein solution with rapid mixing (200 �l). The turbidity of the solution
was monitored at a wavelength of 325 nm using a Beckman DU-640
spectrophotometer. All solutions were maintained at a temperature of
24 °C before mixing and during data collection.

RESULTS

To follow up on our previous guanidine denaturation studies
that suggested the presence of an apoE4 folding intermediate
(22), the 22-kDa fragments of apoE3 and apoE4 were examined
by urea denaturation at pH 7.4 and pH 4.0 since low pH
facilitates the formation of stable folding intermediates (molten
globules). The denaturation curves at pH 7.4 reflected an ap-
parent two-state denaturation. The midpoints of denaturation
for the 22-kDa fragments of apoE3 and apoE4 were 5.2 and 4.3
M urea, respectively, consistent with previous results (22) (Fig.
1A). At pH 4.0, apoE4 and apoE3 displayed the same order of
denaturation (apoE4 � apoE3). However, there was a distinct
plateau in the curves for both isoforms, suggesting the presence
of a stable folding intermediate (Fig. 1B). As with guanidine

denaturation, apoE2 was the most resistant to unfolding in
urea and lacked an obvious plateau indicating that it did not
form a folding intermediate (Fig. 1B.) The data in Fig. 1B were
fitted to a 2-state model (unfolded/folded, solid lines overlaying
the data). The poor fits to the apoE3 and apoE4 data further
highlight the presence of stable folding intermediates in com-
parison to the reasonable fit obtained for the apoE2 data.
Therefore, the data were analyzed according to a three-state
model (native/intermediate/unfolded) (28), which gave excel-
lent fits for the apoE3 and apoE4 isoforms (Fig. 1C) but did not
give a better fit for apoE2 than the two-state model. Fig. 2
shows the fractions of folded, intermediate, and unfolded pro-
tein for apoE3 and apoE4, according to the three-state model.
The concentration of urea at which the folding intermediate
was at maximum concentration was 3.75 M for the apoE4 22-
kDa fragment (�90%) and 4.75 M for the apoE3 fragment
(�80%). These results demonstrate that in urea the folding
intermediate is a stable thermodynamic state, the first crite-
rion for a molten globule.

Pepsin Proteolysis—Since proteolysis is a sensitive probe for
conformational changes in proteins (33), the apoE fragments
were subjected to limited proteolysis with pepsin at low pH
with or without urea and analyzed by SDS-PAGE and amino-
terminal sequencing. In 0 M urea, there was one major frag-
ment, which had the amino-terminal sequence of RQQTE,
which corresponds to amino acids 15–19 in apoE (Fig. 3, top
panels). This sequence is at the flexible amino terminus of the
22-kDa fragment that is not resolved in the x-ray structure
(34). Further addition of pepsin or longer digestion times did
not produce smaller cleavage products under these conditions.

Digestion of the apoE4 22-kDa fragment in 3.75 M urea, the
concentration at which the intermediate represents �90% of

FIG. 3. Pepsin proteolysis as a probe of the conformation of
apoE3 and apoE4. The 22-kDa fragments of apoE3 and apoE4 were
subjected to limited pepsin digestion in the presence and absence of
urea at pH 4.0, and the extent of fragmentation was monitored by
SDS-PAGE.

FIG. 4. FTIR analysis of apoE4 22-kDa fragment. Analysis in the
amide I and II regions of the spectra was performed in the absence and
presence of urea. The analysis in the absence of urea represents a single
determination; the estimate of 75% �-helix is in excellent agreement
with the x-ray crystal structure (34). The analysis in the absence of urea
was performed in duplicate with results in 3% agreement.

TABLE I
Hydrodynamic radius and derived properties for the

apoE4 22-kDa fragment

pH 7.4 4.0 4.0
[urea] (M) 0.0 0.0 3.75
Hydrodynamic

radius (nm, e.s.u.)
2.40 � 0.47 2.61 � 0.67 3.93 � 0.4

Polydispersity (%)a 19.5 25.5 12.5
Mr (kDa, globular

estimate)
26.1 31.7 82.8

Mr (kD,a shape
corrected)b

21.8 26.5 24.2

a Polydispersity is a measure of the size distribution.
b Prolate ellipsoid shape correction factor f � 1.08 used in calculation

for columns 1 and 2. A random coil model was used for the calculation
of Mr in column 3.

Folding Intermediate of ApoE450382



the mixture, revealed seven major bands (Fig. 3, middle pan-
els). Bands 1–5 had the amino-terminal sequence GS1KVE, the
same as that of recombinant apoE (it contains the novel Gly-
Ser sequence at the amino terminus) (35). Band 4 also con-
tained a fragment with the amino-terminal sequence 79EE-
QLTP. Band 6 had the amino-terminal sequence 122VQYRG.
Band 7 was rather broad and contained three fragments
(124AMLGQSTEE, 133RVRLASHLR, and 116VQYRGEVQA).
Digestion of the apoE3 22-kDa fragment in 3.75 M urea yielded
the same bands as the apoE4 digestion but with less proteolysis
of the intact apoE3 fragment (Fig. 3, middle panels).

The bands after digestion of apoE3 and apoE4 in 4.75 M urea
were similar to those obtained after digestion in 3.75 M urea,
but there was less difference in the extent of digestion (Fig. 3,
bottom panels). This result is consistent with the prediction,
based on analysis of a three-state model, that similar amounts
of the intermediate states from each isoform would be present
in 4.75 M urea but not in 3.75 M urea. The increased sensitivity
to pepsin digestion is also consistent with an altered conforma-
tion at low pH in the presence of urea, another characteristic of
a molten globule. It is also important to note that there are a
limited number of exposed pepsin cleavage sites, which is con-
sistent with a limited structural or conformational reorganiza-
tion of the apoE4 intermediate without complete loss of native
structure.

FTIR—Since it is difficult to accurately estimate the second-
ary structure of a protein in urea by far ultraviolet circular
dichroism due to the high absorbance of urea below 210 nm, we
used a novel FTIR method to assess the secondary structure of
the intermediate in urea. This method includes the subtraction
of the urea background, as well as subtraction of absorbed
(partially denatured) protein (29). The apoE4 22-kDa fragment
was analyzed at pH 4.0 in the presence or absence of 3.75 M

urea (Fig. 4). ApoE4 22-kDa in 0 M urea displayed 75% �-helix
and 3% �-sheet, consistent with the �-helical content estimated
by circular dichroism (18) and x-ray crystallography (34). In
3.75 M urea, apoE4 22-kDa displayed 46% �-helix and 17%
�-sheet. Thus, the intermediate retains 61% of the native hel-
ical content, another criterion of a molten globule. In addition,
it has a significant increase in � structure, which has implica-
tions for promoting aggregation and fibrillization.

DLS—DLS was used to determine the aggregation state of
the intermediate. The measured hydrodynamic radii and esti-
mated molecular masses are summarized in Table I. The
shape-corrected Mr calculated for the reference sample apoE4
22-kDa fragment at pH 7.4 with no urea was 22 kDa. At pH 4.0
(no urea), the size distribution (polydispersity) was wider, and
the Rh was larger. Although the difference was not significant
within the error of the experiment, it is reasonable to speculate
that both the larger Rh and the greater size distribution indi-
cate a somewhat lower stability of the apoE4 22-kDa fragment
at the acidic pH, consistent with its increased tendency to form
an intermediate at pH 4.0. A small widening in the flexible and

dynamic helix bundle, as indicated by crystallographic studies
(36), would not lead to a change in the helical content as
determined from circular dichroism spectra and thus would
still be compatible with a small increase in the Rh, indicating a
flexing of the four-helix bundle at pH 4.0.

A more dramatic change was observed in the hydrodynamic
behavior of the apoE4 22-kDa fragment at pH 4.0 in 3.75 M

urea. Rh increased significantly, but the size distribution re-
mained narrow, indicating a well-defined intermediate species.
Assuming a large contribution of random coil conformation in
the intermediate, the Mr corresponding to the Rh for a random
coil model was estimated to be �24 kDa, consistent with a
monomeric species and no evidence of aggregation under these
conditions.

Lipid Binding Abilities of the Three Isoforms—Since molten
globules have been implicated in membrane association and
phospholipid binding (37), the relative abilities of the three
isoforms to bind and disrupt DMPC vesicles were determined
at pH 4.0 in a turbidimetric clearing assay under urea concen-
trations where the intermediate species is highly populated for
apoE4 and apoE3. It is important to note that while the car-
boxyl-terminal domain of apoE contains the major lipid binding
determinants, the N-terminal 22-kDa domain also is capable of
binding to lipid. Previous studies have indicated that the
N-terminal 22-kDa fragment clears at approximately half the
rate of the intact protein at pH 7.4 (38). In the presence of 3.75
M urea, where the apoE4 22-kDa fragment has its maximum
population of intermediate species (�90%), apoE4 is more ef-
fective in clearing DMPC solutions than both apoE3 and apoE2
(Fig. 5). In 4.75 M urea, where apoE3 has its maximum popu-
lation of intermediate species (�80%) and apoE4 is close to its
maximum population (�80%), apoE3 and apoE4 have a similar

FIG. 5. Comparison of the lipid-
binding activities of the apoE2,
apoE3, and apoE4 22-kDa fragments
at pH 4.0. The relative abilities of the
fragments to clear DMPC vesicles were
determined in a turbidimetric clearing as-
say in the presence of 3.75 and 4.75 M

urea where the population of intermedi-
ate species is highest for apoE3 and
apoE4, respectively. Clearance curves
are representative of three independent
experiments.

FIG. 6. Model of the apoE4 22-kDa fragment in its molten glob-
ule state. Based on the structural and physical characterization of the
apoE4 molten globule, we propose that at pH 4.0 the four-helix bundle
of apoE is partially open, generating a slightly elongated structure in
which there is a shortening of the �-helices and an increase in �
structure at the ends of the helices. The peptic cleavage sites that are
exposed in the molten globule state (Fig. 3) are indicated by the small
arrows.
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rate of clearance, while apoE2 lags behind. At 4.75 M urea, the
relative clearance rate of apoE2 is closer to that of apoE4 and
apoE3 than at 3.75 M urea. There are two reasons for this.
First, the DMPC vesicles are smaller at 4.75 M urea than at
3.75 M, based on their relative scattering intensities. Thus, the
lipid substrate is different at the two urea concentrations.
Second, at 4.75 M urea, the apoE2 is beginning to unfold, which
would be predicted to increase its lipid-binding ability. The
important point is that apoE2 still lags behind apoE4 and
apoE3, which is consistent with its greater stability and ab-
sence of any significant concentration of a folding intermediate.
Overall, the results are consistent with the enhanced ability of
the intermediate species to remodel DMPC compared with the
folded state.

DISCUSSION

This study shows that the folding intermediate of apoE4 can
be stabilized and its structure characterized at pH 4.0 in 3.75 M

urea. Pepsin digestion revealed that, in forming the interme-
diate, apoE4 undergoes a conformational change that involves
opening of the four-helix bundle. FTIR analysis demonstrates
that the intermediate retains much of its secondary structure
(61%), with a modest increase in � structure. The DLS results
indicate that the intermediate is a single molecule with a
narrow polydispersity and slightly elongated structure. These
structural properties of the apoE4 intermediate are consistent
with those of a molten globule. Based on our structural char-
acterization, we propose a model for the apoE4 molten globule
(Fig. 6). The bundle is partially open, generating a slightly
elongated structure and exposing the hydrophobic core (DLS
and pepsin digestion data), and most of the �-helical structure
is retained (FTIR and pepsin cleavage data). We suggest that
the helical structure is lost at the end of the helices where it is
converted to � structure or random structure, exposing the
pepsin cleavage sites

The largely opened conformation of the four-helix bundle in
the intermediate is similar to the conformation change of apoE
when it binds to lipid (36, 37, 39, 40). The DLS data are
consistent with an intermediate consisting of short (�20 Å)
helical segments or building blocks of the stable domain, teth-
ered by long segments containing random coil and � structure.
Although it is difficult to estimate accurately the hydrodynamic
parameters of the intermediate model, it is reasonable to as-
sume that such a chain of tethered helical segments would
display very much the behavior we observe for the folding
intermediate.

The emerging view is that molten globules play an important
role in many physiological processes, including translocation
across membranes, increased affinity for membranes, binding
to liposomes and phospholipids, protein trafficking, extracellu-
lar secretion, and the control and regulation of the cell cycle
(24, 25). It has been suggested that the molten globule state is
the rule rather than the exception and that it actually repre-
sents the third thermodynamic state that a protein can as-
sume. Protein structures are not static, and it is highly likely
that proteins undergo conformational changes in performing
their normal functions. Thus, molten globules are ideally
suited to provide this conformational flexibility. With apoli-
poproteins, molten globules may be particularly important in
providing structural flexibility given that studies on the apoE3
22-kDa fragment and apolipophorin III reveal a correlation
between faster phospholipid clearance rates and low pH and a
less defined tertiary structure (27, 41).

However, protein mutations that affect molten globule for-
mation may also adversely affect normal physiology. Such mu-
tations may destabilize the molten globule, facilitate its forma-
tion, or trap it in this state, preventing native folding. For

example, the mislocation of the cystic fibrosis transmembrane
conductance regulator is suggested to involve a molten globule
(24). A change in a single amino acid residue causes it to form
a stable complex with the chaperone heat shock protein-70.
This complex is retained in the endoplasmic reticulum, pre-
venting it from reaching its normal location in the plasma
membrane.

The greater propensity of apoE4 than apoE3 or apoE2 to
form a molten globule has potential implications in lipoprotein
metabolism, neuronal maintenance, and neurodegeneration,
including Alzheimer’s disease. ApoE transports and redistrib-
utes lipid in both the plasma and central nervous system (1),
and apoE3- and apoE4-containing lipoproteins have different
effects on neurite outgrowth in cultured neurons: apoE3 pro-
motes, whereas apoE4 inhibits neurite extension (42–48).
These results led to the hypothesis that apoE participates in
the normal maintenance of neurons and in neuronal repair in
response to central nervous system injury and that apoE3 is
more efficient than apoE4 in these functions (2, 49). These
differences may be directly related to how lipids are trans-
ported and delivered in an isoform-specific manner in the cen-
tral nervous system, as well in the plasma. Potentially, molten
globule formation could influence lipid binding properties in an
isoform-specific manner, as suggested in the DMPC binding
assays (Fig. 5).

In addition to apoE4 domain interaction, the apoE4 molten
globule may contribute to the apoE isoform-specific effects that
have been suggested as mechanisms to explain the association
of apoE4 with neurodegeneration. For example, the formation
of an apoE4 molten globule within lysosomes or endosomes
may result in the interaction of apoE4 with membranes and in
the potential of apoE4 to translocate and enter the cytosol
where it could disrupt the cytoskeleton (44), promote tau and
neurofilament phosphorylation, and induce the formation of
intracellular neurofibrillary tangle-like inclusions (50), all fea-
tures of Alzheimer’s disease pathology. Lysosomal disruption
and cytoplasmic entry may also explain the apoE4-specific
enhancement of A�-induced lysosomal leakage and apoptosis
when cells are treated with the A� peptide in the presence of
apoE (51). In addition, the generation of � structure in the
molten globule may account for the ability of apoE4 to promote
A� amyloid fiber formation (52–54) more effectively than
apoE3 or to act as a pathological chaperone (55).

In summary, physical and structural characterization of the
folding intermediate of the apoE4 amino-terminal domain sup-
ports the conclusion that it is a molten globule. The four-helix
bundle appears to open partially, generating a flexible species
and exposing the hydrophobic core. Since molten globules have
been implicated in both the normal and abnormal physiological
functions, our working hypothesis is that the differential abil-
ities of the apoE isoforms to form a molten globule also con-
tribute to the known isoform-specific effects in disease.
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